Abstract Basal stem rot (BSR) is the most devastating disease of oil palm. In this study, we examined the transcriptional responses of oil palm roots treated with a causal agent of BSR, Ganoderma boninense using a cDNA microarray approach. A total of 61 from 3,748 transcripts examined were found to be significantly up-or down-regulated in oil palm roots infected with G. boninense at 3 and 6 weeks post inoculation compared to those from uninfected roots. The differentially expressed genes identified in the artificially infected oil palm roots included genes encoding isoflavone reductase, Em protein H2, SPX domain-containing protein 1, pathogenesis-related protein 1, vicilin-like antimicrobial peptide. The gene expression of isoflavone reductase, which is involved in the production of phytoalexin and three related genes in the phenylpropanoid biosynthetic pathway was also profiled in the treated oil palms using real-time quantitative reverse transcription PCR. This information has contributed to our understanding of the defense mechanisms of oil palm in response to G. boninense, the future development of molecular markers for marker assisted breeding and screening of oil palms that are tolerant to G. boninense.
Introduction
Oil palm (Elaeis guineensis, Jacq.) is vulnerable to a number of diseases. Basal stem rot (BSR) has been reported to be the most lethal disease to this important perennial oil-producing crop in Southeast Asia (Ariffin et al. 2000) . BSR is caused by fungi belonging to the family of Ganodermataceae (Sumbali 2005) . In addition to oil palm, BSR has been reported in many other economically important plantation crops, including coconut, rubber, tea, cocoa and forest trees such as Acacia, Populus and Macadamia (Ariffin et al. 2000) . BSR causes serious economic loss to the oil palm industry due to the reduction of yield and number of stands, as well as the requirement for earlier replanting (Ariffin et al. 2000) .
Ganoderma infection in oil palms was generally believed to happen through the root contact with infected roots, debris in the soil or oil palm stumps (Turner 1965) . However, BSR infection may also occur through spore dispersal via the wounding sites caused by shedding of
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Electronic supplementary material The online version of this article (doi:10.1007/s11295-012-0559-7) contains supplementary material, which is available to authorized users. fronds and roots (Sanderson 2005) . These fungal pathogens invade the roots and subsequently the lower trunk portion of the oil palms causing a light brown rot at the trunk tissues. The first external symptom of BSR is shown by yellowing and necrosis of the oldest leaf. Besides, the newly unfolded leaves on infected palms are smaller with necrotic leaf tips (Singh 1991) . Ganoderma infected oil palm may eventually fracture and collapse, leaving the diseased bole tissues in the ground (Turner 1981) .
The activation of plant defense mechanisms upon the invasion of pathogens depends on the perception of pathogensecreted elicitors or plant-derived molecules through defense signaling pathways. The accumulation of defense related proteins such as phytoalexins (Dzhavakhiya et al. 2007 ), pathogenesis-related (PR) protein (Jayaraj et al. 2004 ), proteinase inhibitors (Botella et al. 1996) , hydroxyproline-rich glycoproteins, and enzymes involved in the phenylpropanoid biosynthesis, is to inhibit pathogen multiplication and spread. Despite several studies had been carried out on the identification of Ganoderma species that infected oil palms (Utomo et al. 2005) , detection of Ganoderma infected oil palms (Utomo and Niepold 2000) and selection of resistant oil palms to Ganoderma (Duran-Gasselin et al. 2005) , there is still much to learn about the gene expression of oil palm in response to the infection of this pathogen. Recent publications have reported the gene expression of individual genes such as genes encoding Δ9 stearoyl-acyl carrier protein desaturase (SAD1 and SAD2), type 3 metallothionein (MT3-A and MT3-B) and chitinases in oil palms infected by G. boninense (Alizadeh et al. 2011; Naher et al. 2011) .
cDNA microarray approach is a powerful tool for transcript profiling and gene identification (Duggan et al. 1999) . It has been employed to examine the interactions between plants and microbes such as arbuscular fungi (Manthey et al. 2004 ), nitrogen-fixing bacteria (Colebatch et al. 2004; Lim et al. 2010) , and pathogenic fungi (Dowd et al. 2004) . In this study, more than 3,700 expressed sequence tags (ESTs) from the host plant (Ho et al. 2007) were used for the fabrication of a cDNA array to examine the transcriptional responses of oil palm roots treated with G. boninense. The gene expression of isoflavone reductase (IFR), one of the differentially expressed genes (DEGs) identified in this study and three related genes in the phenylpropanoid biosynthetic pathway was also examined to shed light on their roles in the production of phytoalexin in the treated oil palms.
Materials and methods

Preparation of inoculum
The Ganoderma boninense strain PER71 used in this study was kindly provided by the Malaysian Palm Oil Board, Bangi, Malaysia. Rubber wood blocks (6.5×6.5×12 cm each) were soaked in distilled water for overnight and autoclaved at 134°C for 30 min before they were coated with sterile potato dextrose agar (PDA) in sterile plastic bags. Each autoclaved block was inoculated with small pieces of PDA fully covered with G. boninense that was pre-cultured on a petri dish for 8 to 9 days at 28°C; and incubated at room temperature in the dark for 12 weeks. Only blocks that were fully covered with mycelia and brown crust were used for the artificial infection of oil palm seedlings.
Plant materials and treatment
A total of 64 five-month-old oil palm seedlings (Elaeis guineensis Jacq.) Dura × Pisifera treated with G. boninense strain PER71, and 64 untreated oil palm seedlings (controls) were divided into four replicates with 16 palms in each replicate for the treatment and control, respectively. These oil palm seedlings were arranged in a randomized complete block in a glass house. For oil palm seedlings under treatment, each of them was tied to a wood block inoculated with G. boninense to ensure close contact between the mycelia and oil palm at the basal part and the main roots. The rubber wood blocks and the oil palm roots were then covered with soil. Meanwhile, the untreated oil palm seedlings which served as controls were also transferred from polybags to pots filled with soil. The roots of five to six oil palm seedlings from each replicate were harvested at 3, 6 and 9 weeks post inoculation (wpi), respectively; and stored at −80°C for RNA preparation.
Experimental design of cDNA microarray A 2×2 factorial experiment design consisting two types of plant materials (treated and untreated) and two time points (3 and 6 wpi, respectively) with eight hybridizations (including dye swaps), corresponding to the 'loop' design advocated by Kerr and Churchill (2001) , was used in the cDNA microarray analyses (Fig. 1) . A total of four biological replicates (for each treatment and time point) were used for comparison between transcripts of oil palm roots treated with G. boninense and that of the untreated oil palm roots at 3 and 6 wpi.
Preparation of RNA, labeling of cDNA and hybridization A custom made cDNA microarray consisting of 3,748 cDNA probes from the roots, shoot apical meristem and zygotic embryo of oil palm (Ho et al. 2007) , and 92 external controls (Lucidea Universal ScoreCard, Amersham Biosciences, USA) printed on GAPS-amino-silane coated glass slides (Corning, USA), was used for hybridization. The design and layout of the cDNA microarray has been described in detail by Lim et al. (2010) . The sequences of the cDNA probes were compared to fungal sequences (Ganoderma sp. 10597 SS1) downloaded from DOE Joint Genome Institutes (JGI; http://genome.jgi-psf.org/Gansp1/ Gansp1.download.html) using the default settings of BLASTN program (Altschul et al. 1997 ). The matches with E values equal or less than 10 −5 were considered as significant matches whereas matches with no hits or E values more than 10 −5 were considered as non-significant matches.
A total of 204 cDNA probes were shown to have significant matches with the Ganoderma sequences, majority of these sequences encode for actin, tubulins, calmodulin, cyclophilins, elongation factors, ribosomal proteins and histones. Total RNA was extracted from the oil palm roots by using a modified CTAB method (Chang et al. 1993) . A total of 5 μg of each RNA sample was used for the linear amplification of mRNA using an in vitro transcription kit (AMBION, USA) whereby double-stranded cDNA and antisense mRNA (aRNA) were synthesized according to the manufacturer's protocols. The first-strand cDNA samples (for treated and untreated oil palm roots) were reversetranscribed from 1 μg aRNA each and labeled with cyanine-3 (Cy3)-dCTP and cyanine-5 (Cy5)-dCTP using Cyscribe first-strand cDNA labeling kit (Amersham Biosciences, USA) according to the manufacturer's instructions. The Cy3-and Cy5-labeled cDNA products were purified using CyScribe GFX purification kit (Amersham Biosciences, USA) to remove RNA template and unincorporated CyDye nucleotides. They were added in equal amount to the slide, together with mRNA spikes provided in the Lucidia Universal ScoreCard Controls (Amersham Biosciences, USA) for hybridization. The mRNA spikes in known concentrations and ratios were used to compare the efficiency of labeling of target mRNAs.
Microarray hybridization was performed as described in Cyscribe first-strand cDNA labeling kit manual (Amersham Biosciences, USA) in a humidified microarray hybridization chamber (Bio-Rad, USA) at 42°C for approximately 16 h. The hybridized slides were washed once with 1× SSC, 0.2 % (w/v) SDS; twice with 0.1× SSC, 0.2 % (w/v) SDS for 10 min at room temperature and rinsed in distilled water. The hybridized microarray slides were scanned for Cy3 and Cy5 fluorescence emissions at 10-μm resolutions using a laser scanner (Axon 4100A, Agilent, USA).
cDNA microarray analyses
The GenePix (gpr) files generated by the scanner were imported into LimmaGUI (Linear Model for Microarray Analysis, http://www.bioconductor.org) in an R computing environment (http://www.r-project.org). Background correction, within-array normalization and between-array normalization (Smyth and Speed 2003) were applied to enable normalization of signals from different parts of the same array and also between different arrays. The relative gene expression levels in oil palm roots treated with G. boninense compared to those in the untreated oil palm roots were expressed in base 2 logarithm (log 2 ) ratios of respective spot intensities. An empirical Bayes moderated t-test (Smyth 2004 ) was used to determine the differential expression. The P values of individual genes were corrected for multiple comparisons using false discovery rate (FDR) controlling procedures (Reiner et al. 2003) . Genes that have a log 2 ratio of gene expression in oil palm roots treated with 3 wpi 6 wpi
Ganoderma infected oil palms
Control oil palms 1 2 3 4 5 6 8 1. CR 2(3) vs GR1(3) 2. GR 3(3) vs CR3(3) 3. CR 3(6) vs GR4(6) 4. GR 3(6) vs CR4(6) 5. GR4(3) vs GR1(6) 6. GR 2(6) vs GR2(3) 7. CR 1(3) vs CR1(6) 8. CR2(6) vs CR4(3) Fig. 1 Experimental design of cDNA microarray hybridization. A modified loop design or 2×2 factorial experimental design (by referring to treatment and control, and two time points: 3 and 6 wpi, respectively) used to examine the differential gene expression of oil palm roots treated with G. boninense and untreated oil palm roots (controls) at 3 and 6 wpi. The number next to the arrow denotes the cDNA samples used for each hybridization. C untreated roots, GG. boninense treated roots, R N biological replicate N; number in bracket, wpi G. boninense compared to those in untreated oil palms≥|1.0| (corresponding to >2-fold up-or down-regulation, respectively) with P≤0.05, were defined as statistically significant DEGs.
The putative identity of DEGs was assigned based on their matches with the Swissprot database at the National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov) using the default settings of BLASTX program (Altschul et al. 1997 ). The matches with E values equal or less than 10 −5
were considered significant matches, whereas matches with no hits or E values more than 10 −5 were considered nonsignificant matches. The functional classification of DEGs with significant matches was performed according to the UniProtKB/Swiss-Prot database (http://www.uniprot.org/ uniprot/). The gene ontology (GO) Slim IDs of the DEGs were annotated using Blast2GO (Conesa et al. 2005 ; www.blast2go.org/). The enrichment of GO Slim terms in each of the GO categories was evaluated as described by Jung et al. (2009) . The probability (P value) of random occurrence of enrichment for each GO Slim term was evaluated using the hypergeometric distribution, whereby the GO terms with a P value ≤0.05 was considered significant. The DEGs were clustered using hierarchically clustering in Clustal 3.0 package (http://rana.lbl.gov/EisenSoftware.htm) and viewed using Java Treeview (http://jtreeview.sourceforge.net/; Saldanha 2004).
Verification of microarray data
Verification of microarray data was conducted using plant materials at the same stages of infection as those used in microarray hybridizations (i.e., 3 and 6 wpi). RNA samples (1.2 μg each) which had been treated with DNaseI were reverse-transcribed using Affinity Script QPCR cDNA Synthesis Kit (Stratagene, USA) according to the instructions of the manufacturer. Real-time quantitative reverse transcription (qRT)-PCR was performed in BIO-RAD iQ5 iCycler Thermal Cycler (Bio-Rad, USA) using the Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix (Stratagene, USA), in quadruplicates. Each PCR reaction (20 μl) contained 200 ng of the first-strand cDNA, 200 nM forward and reverse primers, 30 nM reference dye, and 1× master mix (provided in the kit). The selected genes and primers used for real-time qRT-PCR are listed in Table 1 . The PCR condition was 95°C for 3 min, followed by 40 cycles of 95°C for 5 s and 60°C for 10 s. Two endogenous controls encoding actin and cyclophilin were amplified in parallel for normalization and quantification. The amplification efficiency was estimated using the following equation: E ¼ 10 (Rasmussen 2001) .The relative transcript levels was calculated based on a comparative C T method using multiple reference genes for normalization (Hellemans et al. 2007 ).
Gene expression analyses of genes involved in the phenylpropanoid pathway cDNA was synthesized from DNaseI digested total RNA (5 μg), followed by real-time qRT-PCR analysis using Brilliant SYBR® Green QPCR master mix (Stratagene, USA) in Mx3000P® (Stratagene, USA) machine and analyzed using MxPro™ QPCR software (Stratagene, USA). The expression levels of genes encoding isoflavone reductase (EgIFR), phenylalanine lyase (EgPAL), cinnamic acid 4-hydrolase (EgC4H) and chalcone flavone isomerase (EgCHI) were determined with actin as an endogenous control. The primers used for the PCR are listed in Table 1 . The annealing temperature of primers for all genes was optimized at 60°C. The results obtained were analyzed using a relative quantification method described by Livak and Schmittgen (2001) . The relative abundance of transcripts of genes in the roots treated with G. boninense at 3, 6 and 9 wpi was compared to that of the untreated roots after normalization to the gene expression of actin. The experiments were repeated in triplicates. The relative expression fold change of a target gene was calculated using the formula established by Pfaffl
, where E target is the real-time PCR efficiency of a target gene, E actin is the real-time PCR efficiency of actin, ΔCt target is the deviation of control sample of target gene and ΔCt actin is the deviation of control sample of actin. The standard errors for the means (fold change) were calculated from the results of three replicates.
Results
In this study, the oil palm roots treated with G. boninense were given sufficient time to recover from any wounding incurred during the artificial inoculation of oil palm seedlings with G. boninense. At 3 wpi, the treated palms started to display some minor growth of mycelia at the root surface (Fig. 2a) . The subsequent sampling time points were at 6 and 9 wpi whereby the treated oil palm seedlings demonstrated some external symptoms of infection. At 6 wpi, yellowing and drying of the outermost leaves started in some of the seedlings, whereas the formation of sporophores at the lower trunks of treated oil palms was observed at 8-9 wpi (Fig. 2c) . The treated seedlings also had less amounts of root mass (Fig. 2b) , less number of young roots and more numbers of damaged roots compared to the untreated seedlings.
DEGs of oil palm roots treated with G. boninense cDNA microarray analyses were conducted to compare the gene expression of infected oil palm root samples at 3 and 6 wpi to that of untreated oil palm roots at the respective time points; to reveal changes in oil palm roots before the disease had fully manifested. Our results revealed that a total of 61 from 3,748 cDNA probes examined were differentially regulated in oil palm roots treated with G. boninense compared to that of the controls at 3 to 6 wpi (Table S1 ). These DEGs correspond to 57 tentatively unique genes (TUGs), with a few cDNA probes consisting of overlapping sequences from the same genes. These cDNA probes were distributed at different positions on the microarray and could reliably serve as replicates to confirm the results of cDNA microarray hybridization. Among the DEGs, 17 and 11 were up-and down-regulated at least 2-fold in oil palm roots treated with G. boninense at 3 wpi, respectively; while 16 and 23 of them showed up-and down-regulation at least 2-fold in oil palm roots treated with G. boninense at 6 wpi, respectively. Only five of them were differentially regulated at both 3 and 6 wpi. The DEGs were clustered into four main clusters based on their gene expression patterns (Fig. S1 ). Cluster 1 consists of genes that showed down-regulation at either 3 or 6 wpi, or both time points; while Cluster 2 contains genes that showed down-regulation at 3 wpi or up-regulation at 6 wpi. The genes in Cluster 3 were up-regulated at either 3 or 6 wpi, or both time points, whereas the genes in Cluster 4 were down-regulated at 6 wpi or upregulated at 3 wpi. None of these sequences showed significant matches to fungal sequences, showing that the hybridization signals were specific to the plant transcripts although Ganoderma transcripts were also present in the mRNA samples of oil palm roots treated with G. boninense. Approximately 57 % (35) of the DEGs have significant matches to the protein sequences in the Swissprot database A B C Fig. 2 The oil palm materials collected from untreated and treated oil palms with G. boninense. a Mycelia of G. boninense were detected on a treated oil palm root at 3 wpi (as shown by arrow). b Comparison of plant materials collected from untreated and treated oil palms at 6 wpi whereby the treated seedlings had less amounts of root mass compared to the untreated seedlings. c The fruiting body of G. boninense (as shown by arrow) was detected at the basal stem of oil palm seedlings at 9 wpi. The outer leaves had dried and turned brown (Table 2) . These DEGs are enriched in the following GO Slim IDs for biological functions: GO:0006030 (Chitin metabolic process), GO:0006307 (DNA dealkylation involved in DNA repair), GO:0030150 (Protein import into mitochondrial Log 2 (fold change of gene expression in oil palms treated with G. boninense compared to those untreated oil palms)<|1| or P value >0.05 NS non-significant matrix), GO:0006950 (Response to stress), GO:0006997 (Nucleus organization), GO:0007010 (Cytoskeleton organization), GO:0032507 (Maintenance of protein location in cell), GO:0050896 (Response to stimulus). Among the genes that were up-regulated in treated oil palms were genes encoding Em protein H2 (also known as early-methionine-labeled polypeptides and EMZ08; represented by five cDNA probes), transcription factor UNE10, auxin-responsive protein IAA7, 125-kDa kinesin-related protein and sedoheptulose-1,7-bisphosphatase (at 3 wpi); IFR, heat shock protein (HSP)-70 cofactor, early nodulin-20 and formin-like protein 1 (at 6 wpi); and PR protein 1 (at 3 and 6 wpi). The genes encoding extensin-1, pecanex-like protein and α-ketoglutarate-dependent dioxygenase were downregulated in oil palm roots treated with G. boninense at 3 wpi while the genes encoding vicilin-like antimicrobial peptide and SPX domain-containing protein 1 (represented by two cDNA probes) were down-regulated in oil palm roots treated with G. boninense at 6 wpi ( Table 2 ). The cDNA microarray data of four transcripts (corresponding to seven hybridization signals) were verified using real-time qRT-PCR (Table 3 ). The microarray result was consistent with real-time PCR result (consistently up-or down-regulated in both experiments) although the fold change showed some variations due to differences in sensitivity, data normalization and algorithm applied in microarray and real-time PCR (Morey et al. 2006 ).
Real-time qRT-PCR analysis of genes involved in the phenylpropanoid biosynthetic pathway
The up-regulation of IFR in the cDNA microarray experiments revealed that the production of phytoalexins could be an important defense mechanism that can be triggered in oil palm roots upon invasion by G. boninense. To further investigate the gene expression of genes involved in the phenylpropanoid biosynthesis which produces the precursor for the biosynthesis of phytoalexins as well as lignin, we have identified several ESTs encoding PAL, C4H, CHI for real-time analysis. All four genes had a lower abundance of transcripts in oil palm roots treated with G. boninense at 3 wpi compared to that in the untreated oil palm roots (Fig. 3) . The abundance of transcripts of EgPAL, EgC4H and EgCHI increased in oil palm roots treated with G. boninense from 3 wpi to 9 wpi. On the other hand, EgIFR was at its highest in oil palm roots treated with G. boninense at 6 wpi but remained low at 3 and 9 wpi.
Discussion
In this study, we have chosen to study the global gene expression of oil palm roots before the disease had fully manifested, with the aim to discover some of the oil palm defense genes. We examined the global gene expression of oil palm roots treated with G. boninense at 3 wpi which was prior to the appearance of obvious external disease symptoms in the treated oil palm seedlings, and 6 wpi whereby the typical external disease symptoms of BSR were obvious. The samples collected at 6 and 9 wpi in this study defined the pre-and post-formation of sporophores on the oil palm seedlings.
The DEGs identified in this study were shown to be enriched in a few GO Slim IDs including that for stress. Table 3 Real-time qRT-PCR verification of gene expression of selected transcripts in oil palm roots treated with G. boninense at 3 and 6 wpi compared to those of untreated oil palm roots at respective time points. Relative transcript abundance which is more than 1-fold change is considered as up-regulation while relative transcript abundance which is less than 1-fold change is considered as down-regulation. Fig. 3 Relative abundance of transcripts involved in the phenylpropanoid pathway in oil palm roots treated with G. boninense at 3, 6 and 9 wpi compared to untreated roots. EgPAL phenylalanine ammonia lyase, EgC4H cinnamic acid 4-hydrolase, EgCHI chalcone flavone isomerase, EgIFR isoflavone reductase. Error bars represent the standard errors of three replicates
The genes related to host defense could either be upregulated in treated oil palms to strengthen the host defense system against fungal invasion; or be down-regulated in treated oil palms by pathogenic fungus to suppress the host defense system. The clustering of DEGs based on their gene expression patterns infers co-regulated gene groups in response to BSR. PR protein 1 and IFR have been reported to be induced by fungal elicitors (Warner et al. 1992 (Warner et al. , 1993 Marcus et al. 1999) . The identification of these two genes among the DEGs validates the ability of our experiment to identify other novel genes involved in plant response to G. boninense infection. However, some of the DEGs which have been reported to be related to abiotic stresses have yet been reported to be regulated by biotic stresses, such as the genes encoding Em proteins which were found to be in high abundance among the cytosolic proteins in embryo (Andrew 1984) . These proteins have been reported in osmotic stress and cold shock (Rajesh and Manickam 2006) . However, their roles during biotic stresses or BSR development are unknown. Besides Em proteins, the genes encoding HSP-70 cofactor and transcription factor UNE10 were up-regulated in oil palm roots treated with G. boninense at 3 wpi. Heat shock proteins including HSP70 may play a significant role in plant signal transduction (Takahashi et al. 2003) . The association factor of HSP-70 may have cochaperone activity that mediates its function in plant defense. Meanwhile, transcription factor UNE10 has been identified to be associated with powdery mildew disease in Arabidopsis (Chandran et al. 2009 ).
The gene encoding SPX domain-containing protein 1 was down-regulated in oil palm roots treated with G. boninense at 6 wpi. SPX domain-containing protein 1 was reported to be involved in the G-protein signaling which was induced during phosphate starvation (Tian et al. 2007 ). In addition, a gene encoding extracellular ribonuclease LE (also reported in the induction by phosphate starvation; Jost et al. 1991 ) was down-regulated in oil palm roots treated with G. boninense at 6 wpi.
The recognition of plant pathogens relies on the activation of plant signal transduction. A gene encoding wall-associated receptor kinase was found to be up-regulated at 3 wpi. Wallassociated receptor kinase may function as a signaling receptor of extracellular matrix component such as pectin. The binding to pectin may have significance in the control of cell expansion, morphogenesis, development, wounding and also pathogenesis (Kohorn and Kohorn 2012) .
The up-regulation of genes related to hormones such as auxin and gibberellins could be related to the reprogramming of the developmental program of host through the modulation of hormones (Kazan and Manners 2009) .Repression of auxin response pathway was found to be able to increase Arabidopsis susceptibility to nectrotrophic fungi (Llorente et al. 2008) . In this study, the up-regulation of a gene encoding auxin responsive protein IAA7 which is a transcriptional repressor of auxin response factors and auxin responsive genes could possibly cause the repression of auxin regulated expression in treated oil palm root samples at 3 wpi. The transcriptional activation of early nodulin gene ENOD11 from Medicago truncatula has been associated with the formation of a prepenetration apparatus (PPA) in the root epidermis before the penetration of arbuscular mycorrhizal fungi (Genre et al. 2005) . It is unknown whether PPA is also involved in the root colonization by pathogenic fungus.
The up-regulation of sedoheptulose-1,7-bisphosphatase, an enzyme in the Calvin cycle in root (a non photosynthetic tissue) at an early stage of infection was in contrast to a previous report that the expression of photosynthesis-related gene was down-regulated as an adaptive response to biotic attack (Bilgin et al. 2010) . The roles of other up-regulated genes such as kinesin-related protein, formin-like protein and SUN domain-containing protein in plant defense are not clear. In contrast to the up-regulation of type 3 metallothionein (MT3-A and MT3-B) in oil palms infected by G. boninense (Alizadeh et al. 2011 ), a gene encoding metallothionein-like protein 1 was found to be downregulated in infected oil palm roots at 6 wpi in this study.
Our findings showed that a gene encoding IFR was induced in oil palm roots treated with G. boninense at 6 wpi. IFR is one of the key enzymes in the biosynthetic pathway of isoflavonoid phytoalexin which is a low molecular weight anti-microbial compound. Many phenylpropanoids are derived from cinnamate which is formed by the catalytic action of PAL from L-phenylalanine, whereas pcoumarate is produced from cinnamate by C4H. This pathway could lead to the biosynthesis of many phenylpropanoids including phytoalexins involving multiple enzymes such as chalcone synthase, CHI, isoflavone synthase, isoflavone 2′-hydroxylase and IFR (Dixon and Paiva 1995) . Previous studies demonstrated that the genes encoding enzymes in the central phenylpropanoid pathway and specific pathways (including the isoflavonoid biosynthetic pathway) were up-regulated, coinciding with the phytoalexin response in elicitor treated plant cell cultures (Oommen et al. 1994; Hahlbrock et al. 1995; Kim et al. 2003) . The gene expression of these genes was higher in the moderately resistant than in the susceptible chick pea cultures (Arfaoui et al. 2004 ). Some of these candidate genes especially EgIFR, may have great potential to be developed as expressed markers in the diagnosis of BSR disease and identification of G. boninense tolerant oil palms. In this study, we showed that the transcripts of EgPAL, EgC4H and EgCHI did not increase significantly in infected oil palm roots compared to the untreated roots except for EgCHI at 9 wpi. Our findings supported a previous report which found none of these genes to be induced before the accumulation of isoflavonoid (Naoumkina et al. 2007 ).
To our knowledge, this is the first global analysis of the transcriptome from oil palm roots treated with G. boninense. These candidate genes may contribute to our understanding of the defense mechanisms and gene response of oil palm to G. boninense. This information might be useful for the development of molecular markers for marker assisted breeding and screening of oil palms that are tolerant to G. boninense.
